It is well known that the selective transport of ions through a mitochondrial inner membrane is attained when the oxygen supplied by the respiration oxidizes glycolysis products in mitochondria. 1 The energy which enables ion transport has been attributed to that supplied by electron transport through the membrane due to a redox reaction occurring at the aqueous/membrane interface accompanied by respiration. 1-3 A quantitative understanding of the energetics involved in the coupling of ion transport with electron transport is considered to be very important for elucidating physiological reactions in a living system as well as to develop novel biomimetic separation methods of ions. Since real bio-systems contain substances such as enzymes and proteins, the functions of which have not been fully analyzed, the present stage is far from a quantitative understanding.
As supporting electrolytes (SE) in polarographic measurements, 0.1 M Li 2 SO 4 and 0.05 M tetrapentylammonium tetrakis [3,5-bis(trifluoromethyl) phenyl]-borate, TPenA + TFPB -, were added in W and NB, respectively. A phosphate buffer of lithium salts (0.02 M) was added in W when necessary.
Controlled potential electrolysis
The glass cell illustrated in Fig. 1 was used to investigate the CO 2 evolution accompanied by a redox reaction between flavin mononucleotide (FMN) in W and bis(1,2,3,4,5-pentamethylcyclopentadienyl)iron (DMFC) in NB at the W/NB interface, to which a definite potential difference was applied. In the cell, W (20 ml) contained FMN (Nacalai, guaranteed grade, lot no. M8T1283), pyruvic acid, phosphate buffer and SE (Li 2 SO 4 ), and NB (20 ml) contained DMFC (Aldrich, lot no. 03302HR) and SE (TPenA + TFPB -). During electrolysis, O 2 was bubbled into W, and both the W and NB phases were stirred at about 200 rpm. The electrolysis was carried out by applying a constant potential difference at the W/NB interface with the aid of two reference electrodes (SSE in W and TPhBE in NB) and two counter electrodes (SSE).
A polarographic measurement and controlled poten-tial electrolysis were performed at 25±0.5°C. The NB used had been shaken with water for 1 h prior to electrochemical measurements in order to make the water content in NB constant.
Determinations of CO 2 , pyruvic acid, Na + and K +
The CO 2 evolved in W was introduced into another aqueous solution containing 0.1 M Ba(OH) 2 by means of an O 2 stream, and trapped as a precipitate of BaCO 3 . The resulting precipitate was collected by filtration, and was dissolved in 0.1 M HCl in an atmosphere of highpurity nitrogen in which CO 2 had been completely eliminated. The dissolved Ba 2+ was determined by the flame emission spectrometry using an atomic absorption spectrophotometer (DAINI SEIKOSHA, Model SAS/727).
The concentration of pyruvic acid in W was determined polarographically at a dropping mercury electrode based on the reduction wave (half-wave potential at -1.38 V vs. SSE) in an aqueous solution containing a phosphate buffer (pH=5).
The amounts of Na + and K + transferred from NB to W were determined by flame emission spectrometry.
Chemicals
The TPenA + salt of TFPB -, TPenA + TFPB -, was obtained by mixing a methanol solution of Na + TFPBwith a methanol solution of TPenA + Cl -(Aldrich). Here, Na + TFPB -was synthesized by a Grignard reaction following a procedure described in the literature 8, 9 , and purified based on the difference in solubilities of Na + TFPB -and impurities in 1,2-dichloroethane. The precipitate of TPenA + TFPB -was purified by recrystallization in ethanol. The purity of TPenA + TFPB -was confirmed by elemental analysis as well as 13 C-and 1 H-NMR measurements to be more than 98 %. All other chemicals used were of reagent-grade quality.
Results and Discussion
Spontaneous evolution of CO 2 and selective ion transfer observed with the W/NB system The evolution of 9.8×10 -6 mol of CO 2 was found when the W/NB system as Eq. (1) had been stood for 5 h in the cell of Fig. 1 The transfer of 1.92×10 -5 mol of Na + from NB to W was also found, though the transferred K + was negligible, less than 10 -7 mol. The concentration of pyruvic acid in W was decreased to be less than 5.28×10 -4 M, which corresponded to the consumption of more than 9.44×10 -6 mol of pyruvic acid. In the absence of one of the reagents among Na + TFPB -, DMFC, FMN and pyruvic acid, CO 2 was scarcely generated (less than 5×10 -7 mol), and pyruvic acid was not consumed. Though 1.84×10 -5 mol of Na + was transferred from NB to W, even in the absence of pyruvic acid, a transfer was not found in the absence of FMN or DMFC.
When N 2 was bubbled into W instead of O 2 , the CO 2 formed and Na + transferred were much less than those observed with O 2 bubbling, as 1.9×10 -6 and 8.2×10 -6 mol, respectively. Here, a perfect elimination of O 2 from the system by bubbling N 2 gas was not easily attained, and the reproducibility of this experiment was fairly poor.
These results indicate that (1) the existence of pyruvic acid, FMN and O 2 in W and DMFC and Na + in NB is necessary for the spontaneous evolution of CO 2 , (2) the selective transfer of Na + from NB to W occurs even when W contains only FMN (in the absence of pyruvic acid and O 2 ), and (3) although the coexistence of O 2 enhances the transfer of Na + , the transfer is independent of pyruvic acid.
Evolution of CO 2 by controlled potential electrolysis at the W/NB interface
The evolution of CO 2 was also observed when the electrolysis was carried out by applying a definite potential difference at the W/NB interface in the cell of Fig. 1 ysis for 5 h at -0.15 V with the bubbling of O 2 into W, the amount of CO 2 produced was found to be 1.6×10 -5 mol. A photo-absorption spectrum of the NB after electrolysis at -0.15 V gave a peak at 780 nm. The peak was identical with that of the one-electron-oxidation product of DMFC, DMFC + , which had been prepared using a column electrode. 10, 11 Therefore, it may be reasonable to estimate the electrolysis product to be DMFC + . The DMFC + produced by electrolysis for 5 h was estimated to be 3.08×10 -5 mol. The quantity of electricity consumed during the electrolysis was 3.05 C (after correction for the background), which was almost equivalent to the one-electron oxidation of 3.08×10 -5 mol of DMFC.
When the applied potential difference was -0.55 or -0.35 V instead of -0.15 V, or when one of reagents among pyruvic acid, FMN, O 2 and DMFC was not added, the evolution of CO 2 was negligible. However, 2.89×10 -5 mol of DMFC + was found in NB after electrolysis at -0.15 V for 5 h in the absence of pyruvic acid, and 9.20×10 -6 mol of DMFC + was found in NB after the electrolysis in the absence of both pyruvic acid and O 2 .
Estimation of the reaction processes involved in electrolytic CO 2 evolution
Curve 1 in Fig. 2 realizes the current-scan polarogram recorded at the interface between W containing 2×10 -4 M FMN, 0.02 M phosphate buffer (pH 7.0) and 0.1 M Li 2 SO 4 (SE) and NB containing 0.01 M DMFC and 0.05 M TPenA + TFPB -(SE). Prior to polarographic measurement, both W and NB were carefully deaerated by bubbling high-purity N 2 gas. Consulting the previous work on the polarogram measured under the same condition as that in the present work, but using 1,2-dichloroethane instead of NB 12 , and taking into account that the product in NB of the controlled potential electrolysis was DMFC + , it may be reasonable to conclude that the polarographic current was caused by a oneelectron transfer due to an interfacial redox reaction between FMN in W and DMFC in NB, as expressed by
The limiting current of the polarogram was proportional to the square root of the height of the aqueous-solution reservoir and to the concentration of FMN in the range of 5×10 -5 to 10 -3 M, which suggests that the electron transfer reaction for the wave is reversible 4, 13 , i.e., controlled by the diffusion of FMN in W. A logarithmic analysis based on the theoretical equation for a reversible electron transfer at the aqueous/organic interface 5, 14 supported that the current was caused by a oneelectron transfer at the W/NB interface.
Curve 2 in Fig. 2 was recorded at the same interface as curve 1, but while bubbling O 2 into W instead of N 2 . Although a positive current wave appeared in the potential range identical with that in curve 1, the limiting current was about six-times larger than that in curve 1 with deaerated solutions. The large current can be explained by considering the reduction of O 2 catalyzed by a FMN/FMNH · couple, as Eq. (3) 12 , i.e., the reduction product, FMNH · , at the interface was oxidized by O 2 in the vicinity of the interface regenerating FMN which can be reduced again through the reaction
Summarizing the results obtained by a controlled potential electrolysis and polarography, the reaction process for the electrolytic evolution of CO 2 was estimated to be as follows: The 1st step was a one-electron transfer from DMFC in NB to FMN in W as Eq. (2). The 2nd step was the catalytic reduction of O 2 by FMNH · , as Eq. (3). The final step was the oxidation of pyruvic acid by the reduction product of O 2 , H 2 O 2 , in W as Eq. (4), which is well-known as an oxidative decarboxylation of α-keto acids 15 polarograms were proportional to the square root of the height of the aqueous solution reservoir and to the concentration of Na + TFPB -or K + TFPB -in NB in the range of 10 -4 to 10 -3 M, which suggests that the currents are controlled by the diffusion of Na + or K + in NB.
Voltammetric evaluation of coupling of ion transfer with electron transfer at a W/NB interface
The selective transfer of Na + from NB to W in the cell of Eq. (1) can be understood by referring to the ion-transfer and electron-transfer polarograms shown in Fig. 2 .
When simultaneous transfers of ions and electrons occur spontaneously at one W/NB interface, the rate of the transfer of electrons (which carry minus charges) from NB to W should be equal to that of the transfer of cations (which carry plus charges) from NB to W in order to maintain the electroneutrality in both phases. 6 In other words, the positive current due to the electron transfer should be equal to the negative current due to the cation transfer in their absolute values, since the currents correspond to the rates of electron and ion transfers. Applying this condition to the present experiment, the potential difference established by the coupling of transfers of electron and Na + at the W/NB interface is expected to be α in Fig. 2 , where the magnitude of the current (indicated as A) in polarogram 2 for the electron transfer is equivalent to that in polarogram 3 for the transfer of Na + . When K + is added to NB instead of Na + , the potential difference established by the coupling of transfers of electron and K + was expected to be β in Fig. 2 . The potential β is more negative than α, and the magnitude of the current at this potential is much smaller than A, since the polarogram for the transfer of K + lies at much more negative potentials than that for the transfer of Na + . Here, the potential region where the polarogram for the ion transfer appears is essentially determined by the hydrophobicity of the ion and the stability constant of ion with a ligand in NB.
